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Abstract
The IsoDAR experiment uses a novel isotope decay-at-rest (DAR) source of electron antineutrinos using protons
from a 60MeV cyclotron. Paired with a large neutrino detector (such as KamLAND orWATCHMAN), the experiment
can observe hundreds of thousands of inverse beta-decay events and do a decisive test of the current hints for sterile
neutrino. DAEδALUS is a phased program leading to a high-sensitivity search for CP violation. The experiment uses
a set of high-intensity 800 MeV cyclotrons to produce pion DAR neutrino sources at several locations (1.5km, 8km,
and 20km) going to a single ultra-large, underground detector with free protons such as Hyper-K. The DAEδALUS
experiment will provide a high-statistics antineutrino data set with no matter eﬀects that can be combined with long-
baseline data sets to provide enhanced sensitivity to CP violation and matter eﬀects.
1. Introduction
DAEδALUS (Decay-At-rest Experiment for δCP
studies At the Laboratory for Underground Science) is
a phased R&D program leading to a high-sensitivity
search for CP-violation [1, 2]. This is a unique,
cyclotron-driven ν¯μ → ν¯e search for a non-zero CP
violation parameter, δCP, in the three-neutrino mixing
matrix. DAEδALUS, when combined with Hyper K
(with-JPARC beam), can achieve an uncertainty of 4
to 12 degrees on δCP–well beyond the sensitivity of
LBNE or HyperK alone. The system consists of a two-
cyclotron design. The smaller injector cyclotron, which
will be developed ﬁrst, also can be used as a driver to
provide a very pure ν¯e ﬂux. This can be paired with
KamLAND to allow for a disappearance search, called
IsoDAR, that is a factor of ﬁve times more sensitive
to oscillations indicative of a sterile neurino than other
proposals. DAEδALUS and IsoDAR are two exam-
ples of applications of these machines. However, one
can envision uses beyond these within neutrino physics,
including cross sections and Beyond Standard Model
Searches. These cyclotrons are also valuable commer-
cially, which is why DAEδALUS has a strong industry-
university collaboration on the R&D program.
2. The IsoDAR Experiment
Searches for light sterile neutrinos with mass ∼1 eV
are motivated by observed anomalies in several exper-
iments. Intriguingly, these results come from a wide
range of experiments covering neutrinos, anti-neutrinos,
diﬀerent ﬂavors, and diﬀerent energies. Short baseline
accelerator neutrino oscillation experiments [3, 4], short
baseline reactor experiments [5, 6], and even the ra-
dioactive source experiments, which were originally in-
tended as calibrations for the chemical solar neutrino
experiments [7, 8], have all observed anomalies that can
be interpreted as due to one or more sterile neutrinos.
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To understand these anomalies in terms of the νSM
for neutrino oscillations, the observations must be com-
pared to the data from the large range of experiments
with null results [9, 10, 11, 12], and then to a model.
These “global ﬁts” are most often to models with one
or more sterile neutrinos added to the oscillation prob-
ability calculation [13]. The extended models are re-
ferred to as “3+1”, “3+2”, or “3+3” neutrino models
depending on the number of additional sterile neutrinos.
The global ﬁts tend to prefer 3+2 and 3+3 models with
CP violation; 3+1 models are very hard to reconcile be-
tween the experiments with signals and those with null
results [14].
The diversity of experiments showing these anoma-
lous results has motivated a number of short baseline
proposals to address them. Suggestions range from re-
peating the source experiments, to specially designed
reactor antineutrino experiments, to accelerator-based
ones. Many of these proposals, however, do not have
suﬃcient sensitivity to make a deﬁnitive > 5σ state-
ment about the existence of sterile neutrinos in all of
the relevant parameter space. In addition, the ”smok-
ing gun” proof for oscillations would be observation of
oscillatory behavior of the neutrino detection rate with
distance and energy.
The IsoDAR experiment [15] would use a
DAEδALUS style injector cyclotron to generate
an isotope DAR neutrino source. The IsoDAR ex-
perimental program has the goal of performing a
number of unique searches associated with neutrino
oscillations and non-standard neutrino interactions.
The experiment is being designed to deﬁnitively
address these physics topics using a well-understood,
high-intensity 8Li β-decay-at-rest antineutrino source
coupled with a massive detector such as KamLAND or
WATCHMAN [16] that has good inverse-beta-decay
identiﬁcation capabilities with high eﬃciency. Such a
combination would, for example, enable a deﬁnitive
search for sterile neutrinos by observing a deﬁcit
of antineutrinos as a function of the distance L and
antineutrino energy E across the detector.
The high statistics data sample will allow excellent
sensitivity to these new physics signatures and also pro-
vide the ability to study any signals that are detected.
Accurately mapping out the oscillation wave within the
detector will not only conclusively test if a signal is
associated with neutrino oscillation rather than back-
ground but also give new handles for studying any ob-
served new physics signals. For example, the oscillation
wave can be used to determine the number of extra ster-
ile neutrino ﬂavors by diﬀerentiating the oscillatory be-
havior of a (3+1) versus a (3+2) oscillation model. The
high intensity also will allow the study of antineutrino-
electron scattering. This is a very clean and well-
understood interaction that can be used to search for
indications of non-standard neutrino interactions pro-
posed in many extensions of the standard model.
The IsoDAR neutrino source [15] consists of an ac-
celerator producing 60 MeV protons that impinge on a
9Be target, producing neutrons. The protons enter a sur-
rounding ≥99.99% isotopically pure 7Li sleeve, where
neutron capture results in 8Li; this isotope undergoes β
decay at rest to produce an isotropic ν¯e ﬂux with an av-
erage energy of ∼6.4 MeV and an endpoint of ∼13 MeV.
The ν¯e will interact in a scintillator or water detector via
inverse beta decay (IBD), ν¯e+p→ e++n, which is easily
tagged through prompt-light plus neutron-capture coin-
cidence. When paired with a kiloton size detector such
as KamLAND, the experiment could observe 8.2 × 105
reconstructed IBD events in ﬁve years. With this data
set, IsoDAR could decisively test sterile neutrino os-
cillation models, allow precision measurement of ν¯e-e
scattering, and search for production and decay of ex-
otic particles.
As an example, the proposed IsoDAR target could
be placed adjacent to the KamLAND detector /cite-
Gando:2010aa. The antineutrinos propagate 9.5 m
through a combination of rock, outer muon veto, and
buﬀer liquid to the active scintillator volume of Kam-
LAND. The scintillator is contained in a nylon balloon
6.5 m in radius bringing the total distance from target
to detector center to 16.1 m. The antineutrinos are then
detected via the IBD interaction. This interaction has a
well known cross section with an uncertainty of 0.2%,
and creates a distinctive coincidence signal between a
prompt positron signal, Evis = Eν¯e − 0.78 MeV, and a
delayed neutron capture giving a 2.2 MeV gamma ray
within ∼200 μs.
KamLAND was designed to eﬃciently detect IBD.
A standard analysis has a 92% eﬃciency for identifying
IBD events. In IsoDAR’s nominal 5 year run, 8.2 × 105
IBD events are expected. The largest background comes
from the 100 reactor antineutrino IBD events detected
by KamLAND per year depending on the reactor op-
erations. The sterile neutrino analysis uses an energy
threshold of 3 MeV. Due to the eﬀective background
rejection eﬃciency provided by the IBD delayed co-
incidence signal, this threshold enables use of the full
KamLAND ﬁducial volume, R<6.5 m and 897 metric
tons, with negligible backgrounds from sources other
than from the aforementioned reactor antineutrinos.
The sterile neutrino analysis makes use of neutrino
oscillations’s L/E signature. Therefore, the energy and
vertex resolutions are essential in determining sensitiv-
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Figure 1: The L/E dependence of sample IsoDAR@KamLAND data
sets for 5 years of running for 3+1 (top) and 3+2 (bottom) oscilla-
tion scenarios. The solid curve is the oscillation probability with no
smearing in the reconstructed position and energy and the data points
with error bars are from simulated events including smearing. The
3+2 example (bottom) represents oscillations with the global best ﬁt
3+2 parameters from Ref. [18].
ity. The KamLAND detector has a vertex reconstruc-
tion resolution of 12 cm/
√
E(MeV) and an energy res-
olution of 6.4%/
√
E(MeV). Sample data sets for rea-
sonable 3+1 and 3+2 sterile models are shown in Fig-
ure 1. In most currently favored oscillation scenarios,
the L/E signal would be observable in IsoDAR. Fur-
thermore, separation of the various 3+N models may be
possible as exempliﬁed by Figure 1 (bottom).
To understand the IsoDAR sensitivity relative to
current allowed regions, the 5σ sensitivity is com-
pared to the allowed global ﬁt [19] and “Reactor
Anomaly” regions in Figure 2. With three years of
data, IsoDAR@KamLAND would cover the full al-
lowed regions associated with the global ﬁts and the
“Reactor Anomaly” up to the 10 eV2. Also Iso-
DAR@WATCHMAN with a pure water detector would
cover this global ﬁt region with 3 years of data.
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Figure 2: Sensitivity of IsoDAR at 5σ for a nominal 3 year run with
either the KamLAND (scintillator) or WATCHMAN (pure water) de-
tector compared to the allowed global ﬁt [19] and “Reactor Anomaly”
regions.
3. The DAEδALUS Experiment
CP violation can occur in neutrino oscillations if
there is a complex phase, δCP, in the 3×3 neutrino mix-
ing matrix between the neutrino ﬂavor and mass eigen-
states. Observation of CP violation in the light neutrino
sector would be a ﬁrst hint of a possible “lepto-genesis”
process in the early universe where GUT-scale Majo-
rana neutrinos can have CP violating decays that lead to
the matter-antimatter asymmetry that we now observe.
The parameter δCP is accessible through the muon-
to-electron neutrino ﬂavor oscillation probability. For
oscillations in a vacuum, the probability is given by:
Pμ→e = sin2 θ23 sin2 2θ13 sin2 Δ31
∓ sin δ sin 2θ13 sin 2θ23 sin 2θ12 sin2 Δ31 sinΔ21
+ cos δ sin 2θ13 sin 2θ23 sin 2θ12 sinΔ31 cosΔ31 sinΔ21
+ cos2 θ23 sin2 2θ12 sin2 Δ21 (1)
where Δi j = Δm2i jL/4Eν. In the second term, the −(+)
refers to neutrino (antineutrino) oscillations. The fact
that θ13 is now known to be fairly large makes the search
for CP violation viable and a key next step in particle
physics.
For long baseline experiments, searches forCP viola-
tion rely on comparing neutrino and antineutrino oscil-
lation probabilities, thus, exploiting the above change
of sign in order to isolate δCP. This type of measure-
ment is complicated by matter eﬀects, in which the for-
ward scattering amplitude for neutrinos and antineutri-
nos diﬀers due to the presence of electrons, rather than
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positrons, in matter. The matter eﬀects result in a mod-
iﬁcation of Eq. 1 when L is large. Short-baseline ex-
periments, such as DAEδALUS and moderate baseline
experiments such as T2K at L = 295 km suﬀer negli-
gible matter eﬀects. On the other hand, long baseline
experiments such as NOνA and LBNE have signiﬁcant
matter eﬀects. The terms that are modiﬁed by the matter
eﬀects also depend on sign(Δm231), making the correc-
tions dependent on knowing this sign, commonly called
the “mass hierarchy.”
In addition for long baseline accelerator oscillation
experiments, gathering a suﬃcient antineutrino data set
is diﬃcult due to the reduced negative pion production
rate by accelerator protons and by the reduced interac-
tion cross section of antineutrinos. Also, the antineu-
trino data set will have signiﬁcant neutrino contamina-
tion since it is diﬃcult to sweep out the unwanted pos-
itive pions. Finally, these accelerator neutrino beams
typically have high energy tails in the neutrino distribu-
tion that contributes little to oscillation parameter sensi-
tivity but increases the neutral current backgrounds and
other backgrounds to the measurement.
In contrast, the DAEδALUS experiment will be a
search only in the antineutrino mode ν¯μ → ν¯e with no
matter eﬀects, and with reduced backgrounds and sys-
tematic uncertainties, plus a unique experimental lay-
out in which several low-cost neutrino sources are at
diﬀerent distances from one large detector. With an
antineutrino-only beam, the oscillation probability is
given by Eq. 1, and the sensitivity toCP violation comes
about through the interference between Δ12 and Δ13
transitions, which have a distinctive L dependence.
Speciﬁcally, DAEδALUS will search for ν¯μ → ν¯e os-
cillations using neutrinos from three stopped-pion DAR
sources driven by 800 MeV cyclotrons, which inter-
act in a single large 200 to 500 kton Gd-doped water
Cherenkov or a large 50 kton liquid scintillator detector.
Pion decay-at-rest (PDAR) neutrino sources, produced
through π→ μ→ ν, oﬀer a precision alternative to pion
decay-in-ﬂight neutrino beams. PDAR sources have
well deﬁned ﬂavor content and energy distributions and
produce equal amounts of νμ, ν¯μ, and νe isotropically
in the energy range from a few MeV to 52.8 MeV. The
PDAR is, thus, ideal for observing ν¯μ → ν¯e oscillations.
For DAEδALUS, the pion production will accom-
plished using 800 MeV protons from high-power cy-
clotrons (∼ 10 ma) impinging on a light target to pro-
duce a high rate of pions through the Δ-resonance. The
target must be surrounded by heavy material to stop the
outgoing pions before DIF. In this case, the neutrinos
originate primarily from π+ or μ+ decay. The negatively
charged pions and muons stop and capture on nuclei be-
fore they can decay to produce neutrinos. The produc-
tion of kaons or heavier mesons, which could produce
unwanted backgrounds, is negligible if the primary pro-
ton energy is below about 1 GeV. The ν¯e ﬂux can be
maintained at the level ∼ 5 × 10−4 of the ν¯μ ﬂux in the
20 < Eν < 52.8 MeV energy range. As a result, the
source is ideal for observing ν¯μ → ν¯e oscillations [2].
In DAEδALUS, the detection of the electron antineu-
trinos from oscillations would be done using the IBD
process where the outgoing positron is once again re-
quired to have a delayed coincidence with a neutron
capture on Gd for the water detector or on hydrogen for
the scintillator detector. This process has a high cross
section at ∼ 50 MeV, but requires either Gd doping for
a water detector or a scintillator detector to detect the
outgoing neutron and separate the IBD events from the
preponderance of charged-current νe events.
The accelerator DAR neutrino sources will be posi-
tioned at 1.5, 8, and 20 km from the large detector and
are all above ground to reduce the installation and run-
ning complexity. Each accelerator provides diﬀerent
physics data for the CP violation search. The 1.5-km
accelerator allows measurement of the beam-on back-
grounds and the normalization. The 8 km site is at an
oscillation wavelength of about π/4 at 50 MeV and the
20 km site is at oscillation maximum for this energy.
Each site will be run for 20% of the time so that the
events from a given source distance can be identiﬁed
by their time-stamp with respect to this running cycle.
This will leave 40% of the time for beam-oﬀ running to
measure the non-beam backgrounds and provide other
physics data. The baseline plan is for a ten year run
with 1 MW, 2 MW, and 5 MW neutrino sources at the
1.5, 8, and 20 km sites, respectively.
Combining the data from the three accelerators helps
to minimize the systematic uncertainties associated with
the beam and detector and leads to a highly sensitive
search for CP violation. The shape of the DAR ﬂux
with energy is known to high precision and is common
among the various distances; thus shape comparisons
will have small uncertainties. The interaction and de-
tector systematic errors are low since all events are de-
tected in a single detector. The ﬁducial volume error on
the IBD events is also small due to the extreme volume-
to-surface-area ratio of the ultra-large detector. There-
fore, the main errors for the measurements are related to
the statistics of the data and to normalization uncertain-
ties. The normalization uncertainties are dominated by
the neutron tagging eﬃciency, assumed to be 0.5%, and
the antineutrino ﬂux uncertainties that are constrained
as described next.
The DAEδALUS CP violation analysis follows three
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steps. First, the absolute normalization of the ﬂux
from the near accelerator is measured using the >21,000
neutrino-electron scatters from that source in the detec-
tor, for which the cross section is known to 1%. The rel-
ative ﬂux normalization between the sources is then de-
termined using the comparative rates of charged current
νe-oxygen (or νe-carbon) interactions in the the detec-
tor. Since this is a relative measurement, the cross sec-
tion uncertainty does not come in but the high statistics
is important. Once the normalizations of the accelera-
tors are known, then the IBD data can be ﬁt to extract
the CP-violating parameter δCP. The ﬁt needs to in-
clude all the above systematic uncertainties along with
the physics parameter uncertainties associated with, for
example, the knowledge of sin2 2θ13 and sin2 θ23, which
are assumed to be known with an error of ±0.005 and
±0.01, respectively.
DAEδALUS must be paired with water or scintilla-
tor detectors that have free proton targets. The sensitiv-
ity studies shown here include the 35 kton LBNE liquid
argon detector with the 850 kW FNAL beam [20] and
the 560 kton Gd-doped Hyper-K water detector with the
750 kW JPARC beam [21]. In addition, results are pre-
sented for DAEδALUS paired with the Gd-doped 560
kt Hyper-K (“DAEδALUS@Hyper-K”). This combina-
tion results in unprecedented sensitivity to CP violation
when “DAEδALUS@Hyper-K” data is combined with
data from Hyper-K running with the 750 kW JPARC
beam. (“DAEδALUS/JPARC@Hyper-K”). In this sce-
nario, JPARC provides a pure νμ ﬂux, rather than run-
ning in neutrino and antineutrino mode. This plays to
the strength of the JPARC conventional beam, while
DAEδALUS provides a high statistics ν¯μ ﬂux with no
νμ contamination.
CP violation sensitivities have been estimated for
10 year data sets for the various conﬁgurations using
a Δχ2 ﬁt with pull parameters for each of the sys-
tematic uncertainties. A ten year neutrino-only run of
the JPARC@Hyper-K conﬁguration combined with a
ten year DAEδALUS@Hyper-K exposure is shown in
Figure 3. The complementarity of the two experiments
is clear and leads to a very precise sensitivity for CP
violation with uncertainties estimated to be around 5◦.
Finally, Figure 4 shows the cross comparison of sev-
eral experimental conﬁgurations. From this ﬁgure, it is
clear that the DAEδALUS/JPARC(nu-only)@Hyper-K
conﬁguration has excellent sensitivity to δCP with a sig-
niﬁcantly smaller measurement error as compared to the
other scenarios.
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Figure 3: The δCP measurement sensitivities at 1σ for the
DAEδALUS@Hyper-K, JPARC@Hyper-K (ν−only), and
DAEδALUS/JPARC(ν−only)@Hyper-K combined measurement for
10 year data runs.
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4. Summary
High-power (∼ 1 MW) class cyclotrons are becoming
a reality. For physics, they can provide high intensity
neutrino sources. There are also important industrial
interests and broader impacts associated with medical
isotope production and other applications such as accel-
erator driven reactors.
For sterile neutrino searches, cyclotrons can be used
to produce large rates of isotopes such 8Li that beta de-
cay giving very high rates of antineutrinos at around 8
MeV. The IsoDAR experiment would combine this type
of source with a large kton scale detector to make a
deﬁnitive search for sterile neutrinos using a combined
distance and energy analysis. With the good resolutions
of the a detector such as KamLAND such an experi-
ment could isolate the oscillatory behavior of the sterile
neutrino oscillations and probe the details of a signal if
it exists. Establishing the existence of sterile neutrinos
with a deﬁnitive experiment would be a major result for
the particle physics.
The DAEδALUS pion decay-at-rest neutrino sources
will give another method to probe for CP violation
in the neutrino sector. These sources can provide
high statistics ν¯e appearance data with no matter ef-
fects and reduced systematic uncertainty. Combining a
DAEδALUS data antineutrino appearance data set with
long baseline neutrino appearance data can give signiﬁ-
cantly enhance CP violation sensitivity.
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